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The optical spectrum of diatomic RuC has been recorded from 17 800 to 24 200 cm✷1. Three
previously unidentified excited electronic states were analyzed and identified as having ❱✽✺0,
❱✽✺2, and ❱✽✺3. The ❱✽✺3 state was determined to be a 3❉3 state that is suggested to arise from
a mixture of the 10s211s25♣32❞312s16♣1 and 10s211s15♣32❞312s26♣1 electronic






system were analyzed to obtain Be✽✺0.558 244(48) cm✷1, ❛e✽✺0.004 655(27) cm✷1, ✈e✽
✺887.201(37) cm✷1, and ✈e✽xe✽✺5.589(7) cm✷1 for the 102Ru 12C isotopomer ⑦1s error limits✦. A






P state, and similar analyses were performed for the previously observed states. The
resulting potential energy curves are provided for the 100Ru 12C, 101Ru 12C, 102Ru 12C, and 104Ru 12C
isotopic species. © 2004 American Institute of Physics.  DOI: 10.1063/1.1789913✁
I. INTRODUCTION
Transition metal monocarbide molecules have been the
target of much scrutiny in recent years. Gas-phase studies of
FeC,1–3 CoC,4,5 NiC,6 YC,7,8 NbC,9 MoC,10 PdC,11,12 WC,13
IrC,14 and PtC ⑦Refs. 15 and 16✦ have significantly advanced
the understanding of the chemical bonding in diatomic tran-
sition metal carbides. Earlier work included studies on
RhC,17–19 IrC,20,21 and PtC ⑦Refs. 22, 23, 24, and 25✦ using
conventional optical spectroscopic techniques. Matrix-
isolation electronic spin resonance spectroscopy has also
been used to study VC,26,27 NbC,27 and RhC.28 Many of the
transition metal monocarbide molecules have also been the
target of theoretical studies, as calculations for ScC,29
TiC,30–32 VC,33–35 CrC,36–38 FeC,39–41 NiC,42–45 YC,46
NbC,9 MoC,47 TcC,48 RuC,49–51 RhC,52–54 PdC,55–57 TaC,58
WC,59 OsC,60 IrC,61 and PtC ⑦Ref. 62✦ have all been pub-





was first studied spectro-
scopically in 1971 by Scullman and Thelin.63AKing furnace
was employed to synthesize the RuC molecules, and high
temperature emission spectra were recorded and analyzed.
High-dispersion conditions were used to obtain rotationally
resolved spectra of several bands, and spectroscopic con-
stants were determined. However, due to the high tempera-
tures used in this technique, the population of low-J levels
was severely reduced and consequently the low-J lines were
sometimes too weak to be detected. This prevented the as-
signment of definitive ❱ values for the observed transitions.
In a subsequent study by the same investigators in 1972, the
absorption spectrum of RuC was recorded from 4100–4800
Å.64 As in the first investigation, the high temperatures em-
ployed made the assignment of the ❱ values for the upper
and lower states somewhat problematic.
More recently, RuC has been investigated in this labora-





copy to record the spectrum in the 12 700–18 000 cm✷1
region.65 In that study, the ground state was unambiguously









configuration. Several of the observed transitions were also
determined to originate from a low lying 3❉ i state arising
from the 10s211s25♣42❞312s1 configuration. The 3❉3 and
3
❉2 components were found to lie only 76 and 850 cm✷1
above the ground state, respectively. The 1
❉2 state which
also arises from the 10s211s25♣42❞312s1 configuration





spectroscopy.12 Most recently, Stark mea-
surements have been made, providing experimental values of










❉3 , ❅0.9★ 3❉2 , ❅12.7★ 3P2 , and ❅13.9★ 3P1 states.66,67
Experimental measurements of the RuC bond energy
have employed Knudsen cell high temperature mass spec-
trometry. In the first investigation, the third-law method pro-
vided D0✺6.68✻0.11 eV.68 Gingerich later used the same
technique to obtain D0✺6.55✻0.13 eV.69 In a later report,
the Ru(g)✂C⑦graphite)✄RuC(g) reaction was reinvesti-
gated and ab initio results were used to improve the third-
law estimate of D0 . An average of the resulting second- and
third-law results then gave D0✺6.34✻0.11 eV.49 In our pre-
vious study we used the known spectroscopic parameters of
the low-lying states to correct the partition function of RuC
in the third-law treatment, obtaining a slightly revised bond
energy of D0✺6.31✻0.11 eV.65 As mentioned in a previous
paper from this group, RuC has the largest bond energy and
shortest bond length of any of the 4d transition metal
carbides.12 Further details of the systematic trends among the
4d carbides may be found in that reference.
In the present study, the range of the previous R2PI in-
vestigation is extended to include transitions up to 24 000
cm✷1, and electronic states up to 23 152 cm✷1 above the
ground state. Comparisons to previous work on RuC are also
presented.
a☎Present address: Department of Chemistry, Hendrix College, Conway,
Arizona 72032.
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II. EXPERIMENT
The resonant two-photon ionization spectrometer has
been described previously.70,71 The RuC molecules are pro-
duced by focusing the third harmonic ⑦355 nm✦ of a Nd:YAG
⑦YAG—yttrium aluminum garnet✦ laser onto a metallic ru-
thenium sample in the throat of a pulsed supersonic expan-
sion of helium seeded with 3% CH4 . In order to ablate the
metal sample uniformly, the metal sample disk is rotated and
translated by a system of gears and cams. The He/CH4 gas
pulse is timed to coincide with the ablation laser pulse. The
resultant metal-containing plasma is supersonically expanded
into the source chamber. The molecular beam is then colli-
mated by a 5 mm conical skimmer and passed into the de-
tection chamber, where it is probed by tunable radiation from
a Nd:YAG-pumped dye laser. Any molecular species in reso-
nance with the dye laser are subsequently ionized with a
second photon from an ArF ⑦193 nm✦ excimer laser. The
resulting ions are mass-analyzed using a reflectron-type72
Wiley-McLaren73 time-of-flight mass spectrometer equipped
with a microchannel plate detector. The signal from the de-
tector is then amplified, digitized, and stored in a computer
for further analysis. The experimental cycle is repeated at a
rate of 10 Hz.
As in our previous study of RuC, survey scans were





mode. Lifetime measurements were performed by tun-
ing the dye laser to an individual transition, and monitoring
the RuC✶ signal intensity while the computer scanned the
delay between the excitation and ionization lasers. The re-
sulting curve was then fitted to an exponential decay using a
nonlinear least squares algorithm, thus determining the 1/e
lifetime.
Rotational resolution of the vibronic bands is accom-
plished by inserting an intracavity e´talon into the dye laser to
narrow the linewidth ⑦0.04 cm✷1✦. The cavity was then
pressure-scanned with sulfur hexafluoride (SF6). The ab-
sorption spectrum of isotopically pure 130Te2 was simulta-
neously collected in order to calibrate the rotationally re-
solved spectrum by comparison to the 130Te2 atlas.74,75 A
small correction to the spectrum is performed in order to
compensate for the Doppler shift experienced by the RuC
molecules as they travel toward the excitation radiation
source at the beam velocity of helium (1.77✸105 cm/s).
III. RESULTS AND DISCUSSION
The molecular orbitals of RuC have been discussed thor-
oughly in our previous report.65 The molecular orbital dia-
gram pictured in Fig. 1 can be derived from a simple scheme
where the 11s and 5♣ orbitals are the primary bonding or-
bitals formed from overlap between the appropriate 2p and
4d atomic orbitals of C and Ru, respectively, with the higher
energy 6♣ and 13s orbitals being their antibonding counter-
parts. The 2❞ and 12s orbitals are classified as nonbonding,
and are predominantly Ru 4d and 5s in character, respec-
tively.
From the previous studies of RuC, it is known that the
ground electronic configuration is a closed shell
10s211s25♣42❞4, resulting in a 1❙✶ state. The low-lying
3
❉ state arises from the 10s211s25♣42❞312s1 configura-
tion, with the ❱✺3 component being the lowest in energy.
The transitions observed in the present investigation origi-
nate from these two states.
The spectrum of RuC was recorded from 17 800 to
24 200 cm✷1 in low resolution and many bands were ob-
served. Eleven bands were rotationally resolved and nine
were successfully analyzed. The two remaining rotationally
resolved bands overlap one another, thus preventing com-
plete analysis at this time. All transitions appear red de-
graded with clearly visible band heads in the R branch. The
analyzed transitions can be grouped into four systems, origi-
nating from either the 1❙✶ ground electronic state or the
low-lying 3❉3 excited state.
A. The ❺18.1❻ 1P1❪1 ➾ system
Bands in this system are observed from 18 086 to 21 523
cm✷1. The 0-0 and 1-0 bands were analyzed in our previous
report.65 In the present study, the 2-0, 3-0, 4-0, 5-0, 2-1, and
3-1 bands were observed, and the 2-0, 3-0, and 4-0 bands
were rotationally resolved and analyzed. The measured spec-
troscopic constants are listed in Table I. As found for the 0-0
and 1-0 bands, the spectra exhibit definite R, Q, and P
branches, with a clear band head present in the R branch. The





✺0 in symmetry. The measured
isotope shifts, the excellent fits of the vibronic levels, and the





these bands all belong to the same electronic band system.
None of the bands in this system were observed in Scullman
and Thelin’s study of RuC, as the majority of the transitions
occur between the spectroscopic regions probed in their
experiments.63,64 Only the 5-0 band lies within the region
studied by Scullman and Thelin in absorption. Owing to a
poor Franck-Condon factor, it is likely that this band was
simply missed in their work.
The measured rotational line positions were fit simulta-





















✷0 and rotational con-
stants B
✁
✽ for the various vibrational levels in the upper state.
The fitted values of
✈0 and B
✁
✽ are provided for the most
abundant isotopomer 102Ru 12C in Table I for all bands inves-
FIG. 1. Schematic molecular orbital diagram of RuC.
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tigated in this study. The rotational constants B
✈
✽ for







to determine the rotation-vibration constants listed in
Table II.
The vibronic bands that were rotationally resolved and
analyzed were also fit to extract the vibrational constants of











resulting in the excited state spectroscopic constants T0
✺18 086.0015(284) cm☎1, ✆e✽✺886.7354(414) cm☎1, and
✆e✽xe✽✺5.5833(81) cm☎1 for 102Ru 12C. The vibrational con-
stants for 100Ru 12C, 101Ru 12C, and 104Ru 12C are also listed
in Table II. The excellent fit of the B
✈




☎0 values indicates a surprising absence of perturbations
over the range of the vibrational levels examined. This con-
trasts greatly with the cases of NiC ✁Ref. 6✂ and MoC,10
which are so strongly perturbed that the identification of
electronic band systems becomes nearly impossible.
Because of the excellent quality of data for this state, a
TABLE I. Rotationally analyzed bands of 102Ru 12C. Error limits are given in parentheses in units of the last
reported digits and represent 1s in the fitted quantity. In these fits, B
✾




















2-0 19 825.9817✡37☛ 0.545 936✡69☛ 3.3256 0.207






















❉3 0-0 21 479.2096✡18☛ 0.504 797✡79☛ ☞0.2207 0.779
























aThe isotope shift ❉✝ is defined as ✝0(100Ru 12C)☞✝0(104Ru 12C).
TABLE II. Spectroscopic constants of electronic states of RuC above 18 000 cm✞1. Numbers in parentheses represent the 1s error limits of the indicated










T0 18 085.8932✡246☛ 18 085.9421✡258☛ 18 086.0015✡284☛ 18 086.1011✡273☛
✍e✠ 887.6626✡359☛ 887.2014✡377☛ 886.7354✡414☛ 885.8333✡399☛
✍exe✠ 5.5927✡70☛ 5.5891✡73☛ 5.5833✡81☛ 5.5718✡78☛
Be✠ 0.558 626✡78☛ 0.558 063✡35☛ 0.557 482✡76☛ 0.556 336✡115☛
❛e✠ 0.004 667✡45☛ 0.004 659✡20☛ 0.004 601✡43☛ 0.004 606✡65☛






✝0 21 369.0588✡18☛ 21 369.2251✡52☛ 21 369.2686✡40☛ 21 369.3092✡23☛ 21 369.3722✡23☛ 21 369.4682✡19☛
B0✠ 0.550 548✡56☛ 0.549 193✡169☛ 0.548 703✡131☛ 0.547 479✡117☛ 0.546 945✡32☛ 0.545 790✡51☛






✝0 21 478.8548✡42☛ 21 479.0345✡20☛ 21 479.0942✡23☛ 21 479.1504✡28☛ 21 479.2096✡18☛ 21 479.3149✡26☛
❉G1/2 791.7845✡46☛ 790.4621✡28☛ 790.0462✡33☛ 789.6258✡38☛ 789.2229✡20☛ 788.4340✡36☛
Be✠
a 0.511 587 0.509 430 0.509 474 0.508 656 0.508 160 0.506 953
❛e✠
a 0.006 796 0.006 405 0.007 235 0.006 553 0.006 726 0.006 464









❉3 ✝0 23 151.7218✡26☛ 23 151.9124✡24☛ 23 151.9608✡18☛ 23 152.0232✡27☛ 23 152.0708✡21☛ 23 152.1709✡22☛
❉G1/2 ➥ 745.8853✡52☛ 745.4902✡41☛ 745.1134✡47☛ 744.7360✡44☛ 744.0224✡51☛
Be✠
a 0.526 221 0.524 307 0.523 756 0.523 339 0.522 709 0.521 847
❛e✠
a 0.006 193 0.005 901 0.006 110 0.005 852 0.006 061 0.006 151
re✠ (Å)a 1.733 10 1.733 33 1.733 30 1.733 07 1.733 21 1.732 88
t 0.066 ♠s
aValues are uniquely determined in the fit, so no error limits are quoted.
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Rydberg-Klein-Rees ⑦RKR✦ calculation of the potential en-
ergy well was performed using the measured constants of the
100Ru 12C, 101Ru 12C, 102Ru 12C, and 104Ru 12C isotopomers.
Calculations were performed using the RKR1 program, writ-
ten and freely distributed by LeRoy.76 The resulting potential





P state displayed in Fig. 2,
along with RKR curves calculated for most of the previously
investigated states.
In order to assess the error in the RKR curves, curves
have been calculated and plotted for several isotopomers of
RuC. In most cases the curves overlap one another so accu-
rately that they cannot be distinguished. In those cases where
the isotopic curves diverge, the divergence is generally only
apparent above 4000 cm✷1 and mostly on the repulsive wall.
The exception to this statement is the 1❉2 state that is only
known from dispersed fluorescence. The lack of high quality
data on this state introduces considerable uncertainty into its
potential curve.
All measured line positions, along with the fitted results
for this and the other band systems, have been deposited with





77 Also included in this archive are the numerical









band is displayed in Fig. 3. The absence of a Q branch





✺0, indicating that it originates from the
X 1✂✶ ground state. This is confirmed by the rotational fit,
which gives a B
✾
value in excellent agreement with the pre-





(104Ru 12C) is small
and negative, consistent with typical values for 0-0 bands.
The large change in B value found for this band suggests that
a long vibrational progression would be expected. Surpris-




not readily apparent. Presumably, the bands making up this
progression are among the weaker features that were not ro-
tationally resolved in this work.
Because the 1✂✶ ground state has  
✾
✺0✶, the upper
state must also have  
✾
✺0✶, making 1✂✶, 3✂✷, and 3P
states possible terms for this state. The transition is relatively
weak in intensity and has a relatively long lifetime
⑦
☎1.5
♠s✦, which implies an unfavorable transition. One possibility





✆0. A second possibility is that sufficient configuration in-
teraction exists to make a two-electron transition possible.
Possible configurations and terms which could account for






5♣32❞46♣1, 3✂✷(0✶); and 5♣42❞212s16♣1, 3P(0✶). A
definite assignment cannot be made at this time.





P state was observed in
Scullman and Thelin’s study. This is probably due to the
weak intensity of the band, coupled with its close proximity
to the strong ❉
✈
✺

















Further to the blue, the 0-0, 0-1, 1-0, and 1-1 bands of a
new band system characterized by  ✁✺ ✾✺3 are found. The
0-0, 0-1, and 1-1 bands have been rotationally resolved and





❉3 state of RuC. Figure 4 displays a rotationally re-
solved scan over the 0-0 band of this system for 102Ru 12C. A
rotationally resolved scan over the 1-0 band, near 23 900
cm✷1, was not performed because it lies well beyond the
range of recorded Te2 calibration data. First lines of R(3),
Q(3), and P(4) identify these bands as  ✁✺3➹ ✾✺3 tran-
sitions, and fitted values of B
✾
are in excellent agreement
with the known 3
❉3 state.
65 Band origin differences give
vibrational intervals of ❉G1/2✺744.736 cm✷1 for the upper
state, and 1029.602 cm✷1 for the lower state in the 102Ru 12C
isotopomer. The lower state value is also in good agreement
with the previously measured value of 1029.587 cm✷1.65
This band system was observed in the previous study by
Scullman and Thelin,64 where it was suggested that the sys-
FIG. 2. RKR potential energy curves of diatomic RuC.




0✡☛X 1☞✡ 0-0 band.
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tem was a 3❉3➹
3
❉3 transition. Although this assignment
was proposed, these authors lacked sufficient data to make a
definitive assignment.
The transitions in this band system are all relatively in-
tense and exhibit fluorescence lifetimes shorter than 100 ns.
Moreover, our previous dispersed fluorescence study demon-







12 This indicates a strongly
allowed transition, which for an ❱
✽
✺3➹3❉3 transition
makes the upper state 3❉3 as well. According to calculations
by Shim and Gingerich, the 2 3
❉
excited state of RuC has
strong contributions from the 10s211s25♣32❞312s16♣1
and 10s211s15♣32❞312s26♣1 configurations.49 The first
of these contributing configurations is accessible in a one






derives primarily from the 10s211s25♣42❞312s1
configuration.49 This 6♣➹5♣ excitation is expected to lead
to a strongly allowed transition, as observed. A more recent
ab initio study of RuC has been performed by Guo and Bala-
subramanian, who calculate that the 2 3❉ state is highly
mixed, deriving mostly from the 10s211s25♣32❞312s16♣1
⑦28%✦ and 10s211s15♣42❞312s2 ⑦24%✦ configurations. As
in the Shim-Gingerich calculation, the leading configuration
corresponds to a strongly allowed 6♣➹5♣ excitation, in
agreement with the observed intensity of the transition.
The energy calculated for the 2 3
❉3 state is 2.19 eV
⑦17 660 cm✷1✦ above the lowest 3
❉3 state in the work of
Shim and Gingerich.49 This is significantly less than the ob-
served 0-0 band, which lies at 23 152 cm✷1. However, the
current and previous spectroscopic studies have demon-
strated that no 3
❉3 states exist between 12 700 cm✷1 and







❉3 transition are present between 20 000 cm✷1





❉3 state is probably
the 2 3❉3 state, calculated by Shim and Gingerich to lie






The more recent Complete Active Space Self-Consistent
Field-First Order Configuration Interaction ⑦CASSCF-FOCI✦
calculation by Guo and Balasubramanian calculates the 2 3❉
state to lie 24 600 cm✷1 above the low-lying 3❉ state, in
much better agreement with experiment.51 Further, the calcu-
lated harmonic frequency 719 cm✷1 is in good agreement
with the experimental value of
❉
G1/2✺744.7 cm✷1. The
measured bond length of this state, re✺1.733Å, remains
quite a bit shorter than the calculated value of 1.848 Å, how-
ever. Nevertheless, the degree of overall agreement between
theory and experiment is quite good, particularly when one





Two transitions in this system were observed in this
study, identified as the 0-0 and 1-0 bands. The first lines of





transitions. The difference between the band origins for these
two transitions gives a vibrational interval of ❉G1/2
✺
789.223 cm✷1 for the upper state of the 102Ru 12C isoto-
pomer. Although these bands fall within the spectral range
studied by Scullman and Thelin, neither were reported in
their study.











the 3❉ state, which is expected to be inverted. This is con-
firmed by the long fluorescence lifetime ⑦✄0.78 ♠s✦, which






state. Theoretical calculations do not show any obvious can-
didates for this state. Until more detailed and accurate calcu-
lations can be performed it seems fruitless to speculate on the




The electronic spectrum of diatomic RuC has been re-
corded from 18 000 to 24 000 cm✷1 using resonant two-
photon ionization spectroscopy, extending the previous work
performed in our laboratory. Three previously unidentified





P state was further investigated. Rydberg-Klein-
Rees analyses were performed on all of the states for which
reliable data exist.
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